Editor's key points † Bispectral index (BIS) and spectral entropy are processed EEG measures developed to measure cerebral hypnotic drug effect. † Neither BIS nor state entropy/response entropy were able to measure transitions between the conscious and unconscious states during and after a stepwise increasing concentrations of dexmedetomidine, propofol, and sevoflurane using prediction probability analysis. † More research is required to reveal better detection and statistical methods to detect loss and return of consciousness during anaesthesia.
Healthcare, Helsinki, Finland) are both depth-of-anaesthesia monitors derived from EEG. They have been developed to measure the effects of anaesthetics on the neurophysiological function of the frontal cerebral cortex. 4 The BIS algorithm, although not freely available, is a weighted sum of three processed variables: the BetaRatio, the SynchFastSlow, and the burst suppression ratio. 5 To generalize, BIS monitors EEG activity and represents the outcome of the EEG analysis by a numeric value between 0 (inactive EEG) and 100 (a fully alert subject). The spectral entropy algorithm, in turn, uses the irregularity of the EEG and frontal electromyogram (EMG) power spectrums for calculation of two indices, state entropy (SE) and response entropy (RE). SE is calculated from 0.8 to 32 Hz, dominated by the EEG, while RE is computed from 0.8 to 47 Hz, including also frontal EMG activity.
These two values vary between 0 and 91 (SE) and 0 and 100 (RE), high values indicating conscious and alert state and low values indicating deeper levels of hypnosis. 6 Both BIS and spectral entropy have been shown to be capable of discriminating between the awake state and surgical anaesthesia in clinical settings using traditional anaesthetic agents such as propofol and volatile anaesthetics. 7 8 BIS monitoring has also been shown to reduce the incidence of awareness in high-risk adult surgical patients undergoing general anaesthesia. 9 We designed this study to evaluate the performance of BIS and entropy during clinically observed transition from consciousness to unconsciousness induced by stepwise increasing concentrations of three different anaesthetic agents and whether this performance is related to the anaesthetic agent used.
Methods
This study was a part of a more extensive clinical series of studies to assess anaesthesia-induced changes in the brain involving, for example, methods such as positron emission tomography imaging and multichannel EEG recording. The results of the other parts of this series will be reported separately.
Study design and subjects
The study protocol was approved by the Ethical Committee of the Hospital District of Southwest Finland (Turku, Finland) and the National Agency for Medicines. The study was regis- After giving written informed consent, 30 healthy (ASA physical status I), right-handed, non-smoking normal-weight male subjects aged 19-30 yr were enrolled in this open, nonrandomized clinical study. Subjects were divided to receive increasing doses of either dexmedetomidine (n¼10), propofol (n¼10), or sevoflurane (n¼10). The three groups were comparable with respect to all patient characteristics. None of the subjects had a history of psychiatric disorder, somatic illness, substance abuse, drug allergies, or ongoing medications. Exclusion criteria included susceptibility for nausea, cardiac arrhythmia, and hearing impairment. All subjects underwent a detailed pre-study examination comprising an interview, physical status, laboratory testing including an illicit drug screen, and a 12-lead ECG. Sevoflurane (Abbott, Scandinavia AB, Solna, Sweden) was administered by inhalation using a tight facemask and a calibrated sevoflurane vaporizer with online end-tidal sevoflurane measurement (Datex-Ohmeda S/5 Anaesthesia Monitor, GE Healthcare). Ten subjects were sedated with escalating end-tidal concentrations started at 0.5% and followed by 0.25% increases (i.e. 0.5-0.75-1.0 -1.25-etc. % end-tidal) at 10 min intervals until LOC was achieved. 13 Throughout the study, consciousness was tested by requesting subjects to open their eyes. Consciousness was tested at 5 min intervals at each escalating concentration level (i.e. at 4 and 9 min of each 10 min level) until LOC and thereafter at 1 min intervals after study drug discontinuation. LOC was defined as unresponsiveness to the request and pre-LOC as the last meaningful response (i.e. 5 min before the LOC-testing indicating unresponsiveness). ROC was defined as the first meaningful response to the request after the study drug was discontinued. The study design is illustrated in Figure 1 .
Drug administration

Experimental session and measurements
Subjects refrained from using alcohol or any medication for 48 h before the study and fasted overnight. One large vein of the right forearm was cannulated for drug administration and Ringer's acetate infusion was used to keep the i.v. line open. The skin of the forehead was cleaned with an alcohol swab, and disposable EEG electrode strips for recording BIS (BIS XP, algorithm version 4.0, smoothing rate 15 s, Aspect Medical Systems) and spectral entropy (GE Datex-Ohmeda S/5 TM Entropy Module, GE Healthcare) were positioned on the forehead as recommended by the manufacturers. The side of the forehead for the BIS and spectral entropy strips was randomized. Monitoring also included non-invasive arterial pressure (only at the start and end of study), pulse oximetry, and a three-lead electrocardiogram using the GE Datex-Ohmeda S/5 anaesthesia monitor. Inspiratory and expiratory concentrations of gases (O 2 , E ′ CO 2 , and sevoflurane) were monitored continuously. GE Datex-Ohmeda S/5 Anaesthesia Monitor and a portable computer running the S/5 Collect software (Datex-Ohmeda S/5 Collect Version 4.0, GE Healthcare) were used for recording all vital sign values and also the BIS and spectral entropy indices at 10 s intervals.
Data analysis
Differences in BIS, SE, and RE values at awake, pre-LOC, LOC, and ROC states between the dexmedetomidine, propofol, and sevoflurane groups were studied with analysis of variance (ANOVA). The average of three successive BIS, SE, and RE values centred around 30 s before each assessment was used in pre-LOC, LOC, and ROC. The awake values were averages of three values after 1 min baseline registration. Possible drug-related differences were further evaluated with unpaired t-test between each drug-pair. Index values between pre-LOC and LOC states, and LOC and ROC states were also studied with paired t-test.
Prediction probability (P K ) was calculated to evaluate how accurately BIS, SE, and RE distinguish unresponsive and responsive states. A value of P K ¼0.5 means that the index predicts the observed state no better than 50/50 chance, and a value of P K ¼1.0 means that the index always predicts the observed state correctly. P K and its standard error were estimated with the jack-knife method, based on the assumption that all assessments were independent. A paired t-test with the Bonferroni correction was used to evaluate whether the P K values of two indices were equal (null hypothesis) and whether the P K values were equal to 0.5, that is, index does not have predictive power.
14 Pre-LOC and ROC values were pooled together representing the responsive state and LOC values were used to represent the unresponsive state. P K values were also calculated using the awake and LOC data.
Statistical analyses were performed with Matlab version 6.5 and Matlab Statistics Toolbox version 4.0 (The MathWorks Inc., Natick, MA, USA), except the P K analysis which was performed with Microsoft Excel 2000 (Microsoft Corporation, Redmond, WA, USA) using a custom spreadsheet macro, PKMACRO.
14 Data are presented as mean (SD) if not otherwise stated.
Results
Drug administration was successful (i.e. LOC was reached) in all 30 subjects and no adverse events or clinically significant changes in the vital parameters were observed (data not shown). On the average, 3.7 (range 2-6) concentration steps were needed for dexmedetomidine, 4.8 (3-9) for propofol, and 2.6 (2-5) for sevoflurane to reach LOC. The mean (SD) target concentrations needed for LOC were 1.93 (0.37) ng ml 21 for dexmedetomidine and 2.23 (0.62) mg ml 21 for propofol. The mean end-tidal sevoflurane concentration needed was 0.90% (0.24%). The lowest average BIS, SE, and RE values were recorded at LOC in all three groups but individual values varied widely at all stages of the study (Table 1, Fig. 2 ). The index values measured at pre-LOC, LOC, and ROC differed significantly between the study drugs ( Table 2) . At pre-LOC and LOC, all index values were highest in the sevoflurane group. At ROC, the SE values were lower in the dexmedetomidine group than in the other two groups. Figure 3 presents the BIS, SE, and RE values of one representative subject from each group during the whole recording period. As P K values were low (between 0.52 and 0.73) for all drugs and for all indices, BIS, SE, and RE failed to reliably distinguish the responsive and unresponsive states (Table 3 ). All indices were able to distinguish the awake and LOC states with all three drugs (Table 3) .
Discussion
In the present study, we tested the performance of BIS and spectral entropy in detecting the transitions between the conscious and unconscious states during and after stepwise increasing concentrations of dexmedetomidine, propofol, and sevoflurane. Although BIS, SE, and RE were predominantly lower at LOC when compared with pre-LOC and ROC values, the wide inter-individual variation resulted in low P K values, suggesting that BIS and entropy were not able to reliably differentiate consciousness from unconsciousness, classified as responsiveness to a verbal command, with any of the drugs used. BIS and spectral entropy have been developed to measure the neurophysiological effects of anaesthetic drugs on the cerebral cortex during surgery and, as such, to help the anaesthetists to optimize peroperative drug administration. They are designed to measure the level of hypnosis during surgical anaesthesia with background noxious stimuli and seem to perform quite well in deep, steady-state anaesthesia with, for example, propofol 15 and sevoflurane, 16 17 but, as shown also in this study, may not detect the transition from consciousness to unconsciousness. 2 It should, however, be emphasized that the algorithms of BIS and entropy are not designed to measure the level of sedation. Although some studies indicate good correlation between BIS and observational sedation scale for propofol 18 19 and , LOC (i.e. the first testing event when the subject no longer responded), and ROC (i.e. the first meaningful response after discontinuation of the study drug) for all three drugs. Paired t-test statistics (pre-LOC vs LOC and LOC vs ROC) are presented with asterisks (*P,0.05, **P,0.01, ***P,0.001). and SE values are presented on the vertical (y) axis. With increasing concentrations of dexmedetomidine, BIS and SE decreased, but the reactivity to stimulus (LOC testing) remained evident (the peaking index values at 5 min intervals) until LOC is reached. At ROC, all indices return to higher level. However, as the subject was allowed to lie quietly after awakening, the indices tended to decrease again, although the administration of dexmedetomidine had been terminated after LOC. In the propofol group, the indices decreased slowly towards LOC and rose gradually after propofol infusion was terminated. The example from the sevoflurane group demonstrates how clinical LOC is reached even though the indices remain quite high before LOC. In these examples, LOC was reached at the fourth step and second test with dexmedetomidine, with propofol at the third step and first test and for sevoflurane at the second step and first test (LOC testing was performed twice at each level).
dexmedetomidine, 19 others report, consistently with our study, large inter-and intraindividual variability of BIS and entropy values in volunteers sedated with midazolam/remifentanil and dexmedetomidine/remifentanil combinations. 20 For sevoflurane, the correlation between BIS and observational sedation scale seems to be weaker than it is for propofol. 18 Additionally, we have shown that spectral entropy is highly accurate in discriminating dexmedetomidine-induced sleep from the awake state. 21 In the present study, the observed extensive interindividual variability and wide range of overlap of index values resulted in low P K values, suggesting poor performance of BIS and entropy in differentiating consciousness from unconsciousness. In spite of similar observations in variability, some previous studies still found high P K values for BIS and entropy for loss of response to verbal command during stepwise increasing propofol sedation. 22 23 In these studies, greater concentration increases in propofol and shorter time intervals between the concentration changes were used, which resulted in more rapid drug concentration changes and consequently more rapid and profound changes in sedation compared with that intended in our drug administration scheme. The slower increase in drug concentrations in our study induced more subtle changes in the state of consciousness and, thus, smaller differences between the P K data points. This most likely accounts for the observed extensive variation and poor performance of the indices. Prediction probability, used in the performance evaluation depth-of-anaesthesia monitors, is strongly dependent on the selection of data points. Our study design probably represented the most rigorous approach possible and to illustrate the importance of data point selection, we calculated P K also for awake vs LOC. In this analysis, P K was, with the exception of SE in sevoflurane, 1 or close to 1 for BIS, SE, and RE in all drugs (Table 3 ). To reach a P K value of 1.00, there should not be any overlap in the index values between the states. Our results elucidated the performance of the BIS and spectral entropy indices in detecting LOC using three different anaesthetic agents. Dexmedetomidine is a selective a 2 -adrenoceptor agonist which activates endogenous sleep pathways 24 and produces physiological sleep-like phenomena in the EEG. 25 Propofol and sevoflurane, in turn, probably act via inhibitory g-aminobutyric acid (GABA) A type receptors. 26 Dexmedetomidine-induced sedation is distinct from that induced by drugs acting via the GABAergic system and is characterized by rousability. Subjects in seemingly deep sedation with low BIS and entropy values can be aroused (using physical or loud auditory stimuli) to a state where meaningful responses to verbal commands are seen. 20 21 Interestingly, both BIS and spectral entropy values were lower for dexmedetomidine than for propofol or sevoflurane in the present study. Furthermore, subjects in the sevoflurane group had higher values than those in the propofol group. BIS and spectral entropy both use the forehead strip electrodes to record frontal (prefrontal cortical) EEG. This is because the forehead is easily accessible and strip electrodes are simple to use in a clinical anaesthesia setting. However, the prefrontal region does not seem to be essential for consciousness since even large lesions in this area do not produce unconsciousness. 27 On the other hand, anaesthetic-induced unconsciousness is usually associated with deactivation of the parietal cortex, posterior cingulate, and precuneus. 2 28 These areas are deactivated also in vegetative patients and are the first to reactivate in those who recover. 29 During deep surgical anaesthesia, global deactivation of the brain can be so intensive that also the frontal regions are suppressed. 28 This would surely result in low values in EEG derivatives measured from the frontal area and could therefore be one reason why BIS and spectral entropy seem to perform well in deep anaesthesia but not during the transitions between consciousness and unconsciousness. The results of this study are consistent with the understanding that BIS and entropy do not correlate with consciousness per se. Recent experimental data suggest that induction and emergence from general anaesthesia are not mirror opposite processes, and emergence may depend, in part, in orexinergic signalling. 30 As pre-LOC and ROC may represent different Table 3 Prediction probability (P K ) (standard error) for BIS, SE, and RE with different drugs. ***Different from 0.5 (P,0.001). No statistically significant (P,0.05) differences between two indicators or between indicator and P K ¼0.5 in the main analysis (pre-LOC and ROC vs LOC) were observed after the Bonferroni correction (k¼3). Pre-LOC, last testing event when the subject still responded; LOC, loss of consciousness, i.e. first testing event when the subject did not respond; ROC, return of consciousness, i.e. first testing event when the subject responded after drug administration was terminated; Awake, baseline after 1 min of the start of data registration
BIS SE RE
Pre-LOC and ROC vs LOC states, our main P K analysis combining these data points can therefore be criticized. They anyway represented higher level of consciousness than LOC justifying our approach. Pre-LOC and ROC values differed especially in the sevoflurane subjects (Fig. 2) . Interestingly, the role of orexins in emergence from anaesthesia was demonstrated with volatile agents. 30 Finally, loss of responsiveness to a verbal command has been adapted in clinical anaesthesiology as the most common method for detecting LOC. 22 This approach was also used in the present study. However, it is possible to be unresponsive without being unconscious; a pharmacological agent may cause unwillingness to obey commands by affecting the cellular network involved in decision-making while drug-induced impairment of working memory can make a patient immediately forget what should be done. Yet another possibility for conscious unresponsiveness could be the inability to initiate movement due to drug-induced suppression of motor regions in the brain. Therefore, clinical unresponsiveness does not unequivocally mean unconsciousness. 2 Still, the definitions responsive/unresponsive are often used synonymous to inadequate/adequate depth of hypnosis in clinical anaesthesiology.
In conclusion, we found that BIS and entropy indices were not able to differentiate consciousness from unconsciousness induced by any of the three anaesthetic drugs used in this investigation. BIS and spectral entropy values were lower in LOC with all three anaesthetics studied, but the inter-individual variation was large.
